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Abstract
Our interest in the coordination of cell cycle control and differentiation has led us to investigate the Caenorhabditis elegans cye-1 gene
encoding the G1 cell cycle regulator cyclin E. We have studied the expression and function of cye-1 by using monoclonal antibodies directed
against CYE-1 protein, cye-1::GFP reporter genes, and a cye-1 chromosomal deletion mutation. We show that a ubiquitous embryonic
pattern of expression becomes restricted and dynamic during postembryonic development. Promoter analysis reveals a relatively small
region of cis-acting sequences that are necessary for the complex pattern of expression of this gene. Our studies demonstrate that two other
G1 cell cycle genes, encoding cyclin D and CDK4/6, have similarly compact promoter requirements. This suggests that a relatively simple
mechanism of regulation may underlie the dynamic developmental patterns of expression exhibited by these three G1 cell cycle genes. Our
analysis of a new cye-1 deletion allele confirms and extends previous studies of two point mutations in the gene.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Cellular proliferation in metazoans must be coordi-
nated with terminal differentiation such that the correct
number of cells are born in each tissue as the animal
develops. This coordination is achieved, in part, through
the regulation of factors that control G1/S cell cycle
progression. Cyclin E, in combination with its associated
cyclin-dependent kinase (CDK-2), is a critical, positive
G1 cell cycle regulator controlling progression through
G1 and the initiation of DNA replication (Hunt, 1991;
Hunter and Pines, 1991; Sherr, 1993, 1994). Inhibition of
cyclin E/CDK-2 activity is a key step in cell cycle exit
and terminal differentiation. Cyclin E/CDK-2 activity is
inhibited by multiple mechanisms, including transcrip-
tional repression (Le Cam et al., 1999; Polanowska et al.,
2001), ubiquitin-mediated protein degradation (Hoyt,
1997; King et al., 1996), and direct inhibition by CIP/KIP
family members, such as p21 (Sherr and Roberts, 1995,
1999). Understanding cyclin E expression and function is
an essential part of understanding how cellular prolifer-
ation is integrated with developmental events.
Caenorhabditis elegans is an attractive system in
which to study developmental cell cycle control. C. el-
egans develops from a rapid and an essentially invariant
cell lineage that has been completely described through-
out development (Sulston and Horvitz, 1977; Sulston et
al., 1983). The lineage information provides defined cell
cycle times that can be combined with genetic analysis.
As many of the 55 blast cells that can divide postembry-
onically are not required for viability and fertility, C.
elegans is highly amenable to forward and reverse ge-
netic studies of cell cycle regulation. Temporal and spa-
tial aspects of cell cycle regulation can also be studied.
Embryonic lineages adopt distinct and characteristic cell
cycle times during development, and many lineages have
protracted G1 phases that are coordinated with morpho-
genesis, animal growth, and sexual maturation.
C. elegans has a single gene, cye-1, encoding cyclin E.
Although very little is known about the expression of this
gene, genetic studies to date show that it is required for
progression through the G1 phase of the cell cycle of most,
if not all, proliferating cells and for endoreplication in in-
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testinal cells (Fay and Han, 2000). Two point mutations
have been previously identified in cye-1 (Fay and Han,
2000; Seydoux et al., 1993). These putative null mutations
cause a protruding vulva (Pvl)-sterile phenotype resulting
from cell division defects in larvae. The mutant analysis,
along with RNAi studies, further showed that maternal
cye-1 contributions are sufficient for most of embryonic and
postembryonic development.
We have confirmed and extended previous studies of
cye-1 by analyzing its expression and characterizing a
newly identified deletion allele. Using monoclonal anti-
bodies, we show that CYE-1 protein is provided mater-
nally and is uniformly localized to the nucleus of all
dividing blastomeres in the embryo. Transcriptional re-
porter genes indicate that a ubiquitous pattern of cye-1
expression during embryogenesis becomes dynamic and
restricted during postembryonic development. Promoter
deletion analysis has allowed us to narrow one of the
necessary cis-acting regulatory sequences of cye-1 to a
small interval 5 of the coding region. This interval
contains genomic sequences conserved among two diver-
gent Caenorhabditis species. Promoter analysis of two
other G1 cell cycle genes, encoding cyclin D and CDK-
4/6, also demonstrate a small 5 region required for
expression. Our studies suggest that the complex and
dynamic patterns of expression of all three of these G1
cell cycle genes are regulated by relatively compact pro-
moters.
Material and methods
CYE-1 antibodies and immunostaining
A full-length His-tagged CYE-1 fusion protein was pro-
duced in bacteria by using the pET15b vector (Novagen).
The CYE-1 fusion protein was affinity purified with Ni-
NTA resin (Qiagen) according to manufacturer instructions.
The fusion protein was used to immunize Balb/c mice
(University of Georgia Monoclonal Antibody Facility).
Thirty-seven hybridomas were screened by Western blot
and immunofluorescence. Ten hybridomas were identified
that produced antisera that recognized CYE-1 on Western
blots and that had similar immunofluorescence patterns.
Ammonium sulfate-precipitated monoclonal antibody from
the 17C8 hybridoma was used for the majority of experi-
ments in this study.
C. elegans adults, larvae, and embryos were prepared for
immunofluorescence by freeze-fracture on poly-lysine/gel-
atin-coated slides as described (Miller and Shakes, 1995).
Fixation was performed sequentially in 20°C methanol,
methanol/acetone (1:1), and acetone for 5 min each. Slides
were washed three times in PBS and blocked for 1 h at room
temperature in 3% BSA in saline. Slides were then incu-
bated for 2 h at room temperature in 1% BSA/saline with
monoclonal anti-CYE-1 and rabbit anti-phosphorylated his-
tone H3 antibodies (Upstate Biotechnology). Anti-phospho-
rylated histone H3 antibody recognizes mitotic cells (Hend-
zel et al., 1997) and was used as a permeabilization control.
The secondary antibodies used were goat anti-mouse
antibody conjugated to rhodamine (Cappel) and goat an-
ti-rabbit antibody conjugated to Alexa Fluor 488 (Molec-
ular Probes). Slides were incubated with 1 g/ml DAPI
prior to mounting in 90% glycerol/PBS with 1 mg/ml
p-phenylenediamine.
Strains and genetics
The cye-1(eh10) deletion allele was generated and kindly
provided to us by the Cambridge, England group of the C.
elegans Knockout Consortium. Animals carrying the dele-
tion were identified by PCR, backcrossed to N2 (wild type),
balanced with the phenotypic marker dpy-14, and main-
tained as heterozygotes through serial passage. The M lin-
eage was marked by using the integrated Twist reporter
strain PD4666 [dpy-20(e1282) with ayls6 transgene
(hlh-8::GFP; pMH86 [dpy-20()])] generated in the Fire
and Stern labs (see Harfe et al., 1998).
RNAi
Double-stranded RNA was produced in vitro by using a
full-length cye-1 cDNA clone and was injected into adult
hermaphrodites at approximately 0.5 mg/ml (Fire et al.,
1998). Nearly 100% of F1 progeny of injected animals
arrested at less than the 100-cell stage and were examined
for defects. RNAi of larvae was accomplished by using the
bacterial feeding technique (Timmons et al., 2001) in which
HT115 bacteria were transformed with a plasmid clone
(pKM1200) of nearly full-length cye-1 cDNA in the L4440
vector pPD129.36.
Sequence comparisons
Genomic sequences of the cye-1 gene region in C.
elegans and C. briggsae were obtained from the Genome
Sequencing Consortium sites located at Washington Uni-
versity School of Medicine at St. Louis, MO and Sanger
Institute Hixton, Cambridge, England and made available
through Wormbase (www.wormbase.org). Sequence
comparisons used the NIH GCG Lite package. Promoter
sequences were analyzed with TESS: Transcription Ele-
ment Search Software on the WWW at the University of
Pennsylvania (Jonathan Schug and G. Christian Over-
ton).
RT-PCR
All predicted cis- and trans-splice sites were con-
firmed directly by RT-PCR of total or poly(A) RNA
isolated from mixed populations of either C. elegans or
C. briggsae (Krause, 1995b). First-strand cDNA was
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synthesized with random hexamers or oligo(dT) primers
using AMV reverse transcriptase (Gibco-BRL) and stan-
dard procedures. PCR was carried out with gene-specific
primers and SL1 primer, often as nested primer reactions.
PCR products were cloned and sequenced. The 5 end of
C. elegans cye-1 cDNA was confirmed by RACE (Fro-
hmann, 1990) using a kit supplied by Invitrogen (Carls-
bad, CA).
Fig. 1. Comparison of C. elegans and C. briggsae cye-1. (A) The genomic structure of cye-1 from C. elegans and C. briggsae is shown with exons depicted
as numbered, dark black boxes. The two boxes shown for exon 4 (a and b) reflect alternative splicing utilizing 3 splice acceptor sequences separated by 9
bases at the end of intron 3. Note that the single C. briggsae exon 5 coding region is split into exons 5 and 6 in C. elegans cye-1. tRNA genes within the
large intron of each gene are shown as lightly shaded boxes with the direction of transcription indicated by rightward facing caret. The region of C. elegans
cye-1 deleted in the eh10 allele is indicated by a thick black bar. (B) Comparison of the C. elegans and C. briggsae CYE-1 proteins. Vertical bars indicate
identical residues, and colons indicate conservative amino acid changes. The intron locations relative to the protein coding regions are indicated by vertical
arrowheads facing up or down. Intron positions are conserved with the exception of the single extra intron in C. elegans relative to C. briggsae shown in
(A). The three amino acid residues encoded by alternative splicing of exon 4 are shown in bold type. The shaded residues correspond to the cyclin box region
used for alignment in Fay and Han (2000).
Fig. 2. CYE-1 protein expression during development. Immunofluorescence with an anti-CYE-1 monoclonal antibody was used to determine the distribution
of CYE-1 during development. (A, B) Adult hermaphrodite stained with anti-CYE-1 antibody (A) or DAPI (B). Note that embryos in the adult are not
permeable to antibodies. Arrowhead denotes the distal (mitotic) end of the germline. (C, D) Wild type zygote with pronuclei at meeting stage stained with
anti-CYE-1 (C) and DAPI (D). (E, F) cye-1 RNAi zygote stained with anti-CYE-1 (E) and DAPI (F). Note that CYE-1 protein staining is abolished by cye-1
RNAi. Permeability of the embryo to antibody was confirmed by staining with anti-phosphorylated histone H3 antibody (not shown). (G, H) Anti-CYE-1
(G) and DAPI (H) staining of an early embryo. Note that metaphase chromosomes (marked with an arrowhead) and anaphase chromosomes (marked with
arrows) do not have appreciable staining. For C–H, the anterior of the embryos is to the left. (I, J) Anti-CYE-1 (I) and DAPI (J) staining of an early embryo
(right), an approximately 200- cell-stage embryo (middle), and a late pretzel-stage embryo (left). Note that anti-CYE-1 staining fades during embryogenesis
and is not present in pretzel-stage embryos. (K–N) L2 larvae (K, L) and mid-L1 larvae (M, N) stained with anti-CYE-1 (K, M) and DAPI (L, N). Note that,
in the L1 larvae (M, N), the descendents of the proliferating blast cells P12 to P0.a blast cells are visible as a row of 26 cells with nuclear CYE-1 on the
ventral side. In the L2 larvae (K, L), postmitotic and quiescent P cell descendents are visible as a row of cells on the ventral side (bottom in K and L). The
VPCs P3.p–P8.p are marked by lines drawn beneath the cells from left to right, respectively. Scale bars, 10 m.
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GFP reporter constructs
A cye-1 transcriptional green fluorescent protein (GFP)
reporter (pKM1110), including 3.1 kb of 5 noncoding re-
gion, the first exon, first intron, and part of the second exon,
was generated by PCR with primers MP137 (CAGTAAC-
CTCAAGAGTCATC) and MP138 (CGCGGATCCG-
CAGTCTCCAGAAGACGTTC). The amplified product
was digested with BamHI and ligated into the vector
pPD95.67 (A. Fire, G. Seydoux, J. Ahnn, and S. Q. Xu,
personal communication). A 5 deletion series of this initial
construct was generated by PCR using primers successively
closer to MP138 to generate various pKM clones as de-
scribed in this paper. The pKM1207 GFP reporter was
generated by using the pes-10 minimal promoter vector
pPD107.94 and a XbaI restriction fragment from clone
pKM1187 that includes 431 bp of cye-1 upstream se-
quences.
Transcriptional GFP reporters for cyd-1 (pKM1109) and
cdk-4 (pKM1125), including 3.3 kb and 3.5 kbp upstream of
the ATG, respectively, were previously described (Park and
Krause, 1999). These constructs were the starting point for
5 deletion series for each gene using PCR or convenient
restriction sites to generate the pKM constructs described in
this paper. Reporter constructs using the pes-10 minimal
promoter had single-copy or concatenated oligos at various
copy numbers cloned into the vectors pPD95.18 (NLS-lacZ)
or pPD107.94 (NLS-GFP-lacZ) (A. Fire, G. Seydoux, J.
Ahnn, and S. Q. Xu, personal communication). For cyd-1,
the oligo MWK443 (CTTGGCCTGGGGGAGACG-
GCTGGCCCTGGGGGAGGTGC) and its complement
(MWK444) were cloned into the StyI site of pPD95.18 to
generate a series of clones with one or more repeats of the
oligo sequence. A four-copy repeat was transferred as a
HindIII/SalI fragment into pPD107.94 to generate
pKM1210. In addition, MP174 (CTTGGCATTCCTTCAT-
GGCCTGGGGGAGACGGCTGGCCCTGGGGC) and its
complement (MP175) were cloned into the StyI site of
pPD95.18 to generate a series of clones with oligo copy
numbers as follows: pKM1150 (2); pKM1151 (3);
pKM1152 (2); and pKM1153 (8). The insert from
pKM1153 was transferred as a HindIII/SalI fragment into
pPD107.94 to generate pKM1154. For cdk-4, the oligo
MWK441 (CTTGGCACAGTCCATCTTCTTGCCAAG-
GTTGCCCTTTCC) and its complement (MWK442) were
cloned into the StyI site of pPD95.18 to generate a series of
clones with one or more repeats of the oligo sequence. A
three-copy repeat was transferred as a HindIII/SalI fragment
into pPD107.94 to generate pKM1209. In addition,
MP176 (CTTGGCGAAGAATTGCCTACCGACA-
CAGTCACAGTCCATCTTCCTTC) and its complement
(MP177) were cloned into the StyI site of pPD95.18 to
generate a series of clones with oligo copy numbers as
follows: pKM1157 (2); pKM1158 (1); pKM1159 (6); and
pKM1160 (7). The insert from pKM1160 was transferred
as a HindIII/SalI fragment into pPD107.94 to generate
pKM1161.
Results
cye-1 gene structure
Only a single cDNA sequence has been reported for the
C. elegans cye-1 gene (GenBank Accession No.
AF058331). In order to evaluate the accuracy and frequency
of predicted exons in cye-1 transcripts, we employed RT-
PCR and RACE analysis (Frohmann, 1990). Sequencing
numerous cDNA clones generated a more complete picture
of the cye-1 gene structure (GenBank Accession No.
AF520616). The cye-1 gene is comprised of eight exons and
seven introns spanning about 3 kb (Fig. 1). cye-1 mRNA is
trans-spliced to SL1 at position 15 relative to the ATG
using a consensus 3 splice acceptor sequence (Krause,
1995a). The 3 end of intron 3 is alternatively spliced using
two splice acceptor sequences located 9 bp apart. Conse-
quently, the two spliced messages maintain the same open
reading frame, with one protein isoform having an addi-
tional three amino acid residues. Both spliced mRNAs were
readily detectable by RT-PCR; we did not quantitate the
relative abundance of the two spliced products.
As an independent confirmation of the cye-1 gene struc-
ture, we compared the C. elegans genomic sequence in the
region of cye-1 to that from a distantly related species, C.
briggsae. Conservation of sequence between these two spe-
cies has been used to imply function and identify regulatory
sequences (Fitch et al., 1995; Krause et al., 1994; Zucker-
Aprison and Blumenthal, 1989). C. briggsae genomic se-
quence was obtained from the Genome Sequencing Consor-
tium at both the Washington University School of Medicine
and the Sanger Institute. The predicted C. briggsae exon–
intron structure was confirmed by RT-PCR analysis of
cDNA clones and the cDNA sequence submitted to Gen-
Bank (Accession No. AF520617). The overall gene struc-
ture of C. briggsae cye-1 is very similar to that of C.
elegans, including a SL1 trans-splice site located at position
18 relative to the ATG (Fig. 1). The same alternative
splicing occurs at the 3 end of intron 3, although the three
amino acids encoded by the alternative splices are not com-
pletely conserved in the two species (EYS in elegans vs
VFS in briggsae). C. briggsae cye-1 lacks the intron split-
ting exons 5 and 6 found in C. elegans, and consequently,
the gene has only 7 exons. C. elegans has a single tRNA
gene located in intron 2, while C. briggsae has two tRNA
genes in its second intron.
Comparison of the entire C. elegans and C. briggsae
cye-1 open reading frames show that the encoded proteins
share 67% identity and 76% similarity. Within the cyclin-
box region (Fig. 1), these values increase to 74 and 80%,
respectively. This compares with a similarity of 46% when
comparing the cyclin box region of C. elegans CYE-1 to the
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cyclin box region of Drosophila and human cyclin E (Fay
and Han, 2000).
Nuclear localized CYE-1 is present in the germline, early
embryo, and proliferating larval cells
Previous cye-1 mutant studies (Fay and Han, 2000) and
results from this study (see below) suggested that there was
a significant maternal contribution of cye-1 gene products to
oocytes. To determine whether this maternal contribution
included CYE-1 protein, we generated monoclonal antibod-
ies that recognize CYE-1 and performed immunofluores-
cence on fixed specimens. CYE-1 is present in adult animals
and is restricted to the germline, which is the only prolif-
erative tissue in adults (Fig. 2A and B). CYE-1 levels vary
in the germline. Mitotic germ cells in the distal region of the
gonad have easily detectable levels of nuclear CYE-1. Germ
cells in the initial stages of meiosis (proximal to the mitotic
germ cells) have lower CYE-1 levels. Finally, as oocytes
cellularize in the loop region of the gonad, CYE-1 levels
increase with mature oocytes having the highest levels of
nuclear CYE-1. These results demonstrate that a significant
portion of maternal cye-1 contribution to the embryo is
CYE-1 protein.
It has been previously suggested that the rapid early cell
divisions of C. elegans embryogenesis are driven, in part, by
constitutively active cyclin E/cdk-2 activity (Fay and Han,
2000; Park and Krause, 1999). This predicts that CYE-1
should be present at constant levels throughout the early cell
cycles of embryogenesis. To test this hypothesis, we used
monoclonal anti-CYE-1 antibody to assay CYE-1 levels
from fertilization to the end of embryogenesis. In the zy-
gote, CYE-1 is observed in the maternal and paternal pro-
nuclei as soon as they form (Fig. 2C and D). The specificity
of antibody staining was confirmed by cye-1 RNAi treat-
ment of adult hermaphrodites that abolishes both oocyte
nuclei and embryonic anti-CYE-1 protein staining (Fig. 2E
and F; data not shown). In early embryos, CYE-1 is en-
riched in nuclei, and levels appear constant with no evi-
dence of cell cycle fluctuations other than during mitosis.
During mitosis, CYE-1 antibody staining appears diffuse
once nuclear envelope breakdown occurs, but resumes nu-
clear localization upon reformation of the nuclear envelope
in telophase (Fig. 2G and H; not shown). CYE-1 is present
equally in all cells of the early embryo. The level of CYE-1
declines during embryogenesis and disappears from most
cells in comma-stage embryos coincident with the comple-
tion of the majority of embryonic cell divisions (Sulston et
al., 1983) (Fig. 2I and J).
Mutant studies have shown that postembryonic cell di-
visions require cye-1 function (Fay and Han, 2000). We
assayed CYE-1 levels postembryonically to determine
whether CYE-1 could be detected and if levels of CYE-1
correlated with mitotic proliferation. CYE-1 protein is de-
tectable in larval blast cells that give rise to all tissue types,
including, germline, intestine, hypodermis, neurons, and
muscle. During larval stages, the level of CYE-1 protein is
much lower than that found in germ cells or in the early
embryo. CYE-1 antibody staining is restricted to the devel-
opmental time when the blast cells are undergoing active
proliferation. For example, in the L1 stage, proliferating P
blast cells that produce ventral nerve cells have relatively
high levels of nuclear CYE-1 (Fig. 2M and N). In contrast,
during the L2 larval stage, the nonproliferating neuronal
descendents of the P blast cells have CYE-1 levels that are
only barely detectable above background (Fig. 2K and L).
Further, while a subset of the P cell descendents, the vulva
precursor cells (VPCs), will proliferate in the L3 larval stage
to produce the vulva, these cells do not have appreciable
CYE-1 levels while they are quiescent in the L2 larval stage
(Fig. 2K and L). Nuclear CYE-1 becomes detectable in the
VPCs during the L3 larval stage when they begin prolifer-
ation (data not shown). CYE-1 becomes undetectable in the
VPC descendents after completion of cell divisions in L4
larval stage animals.
A cye-1::GFP reporter gene is expressed dynamically in
proliferating cells throughout development
A GFP reporter gene containing 3.1 kb of sequence
upstream of the cye-1 initiation codon was used to assay
expression of cye-1 during development. Five independent
transgenic lines were generated with this construct, and all
showed similar patterns of expression. Expression was first
detected during early embryogenesis (28-cell stage) and
continued in all proliferating cells of the embryo (Fig. 3).
Once on, the GFP reporter showed no fluctuation in levels
during the embryonic cell cycle and was continuous until
proliferation of the lineage was complete. Expression
postembryonically was detected in all proliferating somatic
cell lineages of the hermaphrodite throughout development
and remained constant while the lineage was proliferating.
Expression was specifically assayed in the P and seam cell
lineages, several neurons outside the ventral nerve cord,
vulval precursor cells (VPCs), intestinal cells, and the so-
matic gonad. Reporter gene expression was usually lost
once cell divisions were complete, although persistent ex-
pression was often seen in seam cells, intestinal cells, and
scattered neurons. Germline expression of the cye-1::GFP
reporter gene was not observed, presumably reflecting
germline silencing of the simple, extrachromosomal arrays
generated in these experiments (Kelly and Fire, 1998; Kelly
et al., 1997). Because the germline and early embryos are
CYE-1 antibody-positive, we have attempted to visualize
germline CYE-1::GFP fusion proteins by using complex
arrays and germline promoters, but all attempts have been
unsuccessful.
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cye-1 promoter analysis identifies a short and discrete
upstream region required for expression
The broad range of tissue types expressing cye-1::GFP
led us to analyze the cye-1 promoter for cis-acting elements
that were responsible for part or all of the observed expres-
sion pattern. One possibility was that the promoter for cye-1
might be arranged in a modular fashion with a series of
scattered, cis-acting sequence elements, each responsible
for a subset of the overall expression pattern. Alternatively,
cye-1 might be activated by only one or a few factors such
that temporal and spatial information cannot easily be sep-
arated by promoter dissection. To differentiate between the
modular vs “simple” promoter alternatives, a series of 5
sequence truncations were tested for expression in trans-
genic animals as extrachromosomal, simple arrays (Fig. 4).
Expression was scored by using a plus/minus (on/off) sys-
tem in embryos and in the six proliferative postembryonic
tissues discussed above. Plus means that expression was
easily detected in a majority of animals examined, whereas
minus indicates expression was rarely or never observed.
Because intestinal cells and neurons are often sites of ec-
topic expression of reporter genes (Krause et al., 1994), a
small plus score is included for those cell types where the
expression did not look uniform or consistent and was
suggestive of “background” expression.
The deletion series suggests that cye-1 is regulated by a
relatively compact promoter. With the exception of the
Fig. 3. Expression of a cye-1:GFP reporter gene during development. A cye-1::GFP reporter gene (pKM1110) including 3.1 kb of sequence upstream of the
initiation codon was used to generate transgenic animals harboring extrachromosomal, simple arrays. Expression of this nuclear-localized GFP reporter is
seen throughout development in proliferating cells. (A) A comma-stage embryo is shown by using Nomarski optics (left) and GFP fluorescence (right). Strong
expression of the reporter gene is seen in the head (at the left), ventral nerve cord, and tail reflecting proliferating cells (mostly neuronal precursors) in these
regions. (B) A larval stage (L1) animal with strong expression of the cye-1 reporter gene in a row of dividing cells (P lineage descendents) in the ventral
nerve cord. Various other proliferating cells are seen in the animal as well as fainter intestinal background fluorescence. (C) The posterior half of an L1 animal
is shown highlighting reporter gene expression in the dividing M lineage. The same animal is shown by Nomarski (top) and GFP fluorescence (bottom) with
M lineage descendents marked. GFP-positive cells in the region of the anus are proliferating hypodermal and neuronal lineages. In all panels, anterior is to
the left and ventral is at the bottom.
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somatic gonad, the reporter gene was expressed in all tissues
when at least 735 bp of 5 noncoding region was included in
the construct (Fig. 4B). The deletion analysis defined at
least two distinct subregions: one required for vulval and P
cell expression (735 and609) and one required for seam
cell and embryonic expression (609 and 523). These
results indicate at least one region necessary for expression
in most tissue types is present within a 212-bp segment of
the 5 noncoding region of cye-1. To determine whether this
region was sufficient for expression, a 427-bp fragment that
included this region was cloned into a minimal pes-10
vector that is often used to assay promoter and enhancer
sequences (pPD95.18; A. Fire, S. Xu, J. Ahnn, and G.
Seydoux, personal communication; Harfe and Fire, 1998).
Five independent lines harboring this construct were exam-
ined for expression. GFP was evident during embryogenesis
in the same pattern and similar level as the full-length
reporter (Fig. 4B). However, no expression was detected in
larval and adult stages, demonstrating that this region is not
sufficient for any aspect of the postembryonic expression
pattern, at least within the context of the pes-10 minimal
promoter.
C. briggsae cye-1 genomic sequence and conserved
elements
As an independent means of determining potentially im-
portant cis-acting regulatory sequences for cye-1, we com-
pared the C. elegans genomic sequence in the region of
cye-1 with that from C. briggsae (Fig. 4A). For our analysis,
Fig. 4. cye-1 gene structure and promoter analysis. (A) Comparison of the overall gene structure for C. elegans and C. briggsae cye-1 as shown in Fig. 1.
Noncoding regions of sequence homology meeting an arbitrary definition of significance (see text) are indicated by colored ovals; three such regions are
within the second intron and three are upstream of the coding region. For element 1, a gap between conserved sequences in C. briggsae is represented by
two juxtaposed ovals. (B) cye-1 promoter analysis. A 5 end deletion series of cye-1 transcriptional reporter genes was generated by PCR. All clones were
sequenced within the coding region to confirm fidelity of PCR and maintenance of an open reading frame. The number of stable transgenic lines analyzed
for each reporter gene is shown. Expression in embryos and six cell types that proliferate during postembryonic development was scored: G, somatic gonad;
V, vulval precursor cells; P, anterior descendents of the P cells; S, seam cells; E, embryos; N, neurons; and I, intestinal cells. A 427-bp XbaI fragment from
clone pKM1187 was cloned upstream of a minimal pes-10 promoter driving GFP to create pKM1207. For all lines, expression was assayed as plus or minus
by viewing a minimum of 50 transgenic animals at the appropriate stage for proliferation of the listed cell types. A small plus sign indicates that expression
was observed in an inconsistent pattern or in cells at either end of the intestine indicative of background expression. Regions of sequence homology
represented by colored ovals have been superimposed on the 5 sequences included in each reporter gene. Two E2F binding sites are located in element 2
and indicated above the oval for that element. (C) A comparison of the three conserved upstream sequence elements present in the cye-1 region assayed for
promoter activity. For element 2, the two E2F consensus binding sites are indicated by bold type within a gray shaded box; a single SP1 site is underlined,
and two StuA sites are indicated by double lines.
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conserved sequences were arbitrarily defined as regions that
minimally contained identity at 10 consecutive base pairs
and were not less than 75% identical over regions greater
than 50 base pairs. Regions satisfying these criteria but
consisting mainly of long runs of A or T residues were
dismissed; gaps needed to maximize alignments were al-
lowed when bracketed by at least 10 base pairs of greater
than 90% homology. The region analyzed included exons
and introns of the gene as well as 1000 bp upstream of the
initiator codon. Six short regions of sequence similarity
between the two species were identified: three upstream of
the ATG and three within the second intron. The three
conserved elements within the second intron were not nec-
essary for expression of reporter genes and were not ana-
lyzed further.
The three elements upstream of the initiator codon iden-
tified in the comparison of C. elegans and C. briggsae
genomic sequence were studied further. Two of these, ele-
ment 3 (51/65 identical bases) and 2 (65/75 identical
bases), are contained within the 212-bp region required for
expression in C. elegans embryos and most larval tissues as
assayed by GFP reporter genes (Fig. 4B). Loss of the region
containing element 3 results in loss of expression in vul-
val precursor cells and the P cells, whereas loss of the
element2 region results in loss of expression in seam cells
and in the embryo. We analyzed these sequence elements
for potential transcription factor binding sites using the
TESS program of the University of Pennsylvania. TESS
analysis of element 3 identified numerous binding sites
for factors that in other systems are cell type-specific (e.g.,
alcohol dehydrogenase gene regulator 1, myogenin), not
generally associated with the cell cycle (e.g., even-skipped,
HOX), or that are not present in C. elegans (e.g., T-antigen),
making their significance, if any, difficult to assess. TESS
analysis of element 2 was more informative. Element 2
contains two E2F binding sites (Fig. 4C), and E2F has been
shown to regulate cyclin E gene expression in other systems
(reviewed in Dyson, 1998). Element 2 also contains two
StuA sites and one Sp1 site. Both StuA and Sp1 have been
linked to the regulation of several cell cycle factors (Dutton
et al., 1997; Grinstein et al., 2002; Miller et al., 1992;
Muller et al., 1999; Watanabe et al., 1998) in addition to
non-cell cycle targets. Both elements 2 and 3 are GC-
rich (56 and 55% GC content, respectively) compared with
an overall GC content of 36% for the genome (Sulston and
Brenner, 1974); it is unclear if this is significant.
At least one element necessary for the regulation of genes
encoding cyclin D and CDK- 4/6 is restricted to a small
upstream region
Previous studies have shown that two other C. elegans
G1 cell cycle genes have a pattern of reporter gene expres-
sion that is very similar to that of cye-1::GFP (Park and
Krause, 1999). These two genes, cyd-1 and cdk-4, encode
the G1 cell cycle regulatory factors cyclin D and CDK-4/6,
respectively. It was possible that the similar patterns of
reporter gene expression for these three genes reflected
common cis-acting regulatory elements. We analyzed the
promoter regions of C. elegans cyd-1 and cdk-4 using the
same 5 deletion series and C. briggsae sequence compar-
ison strategies outlined above for cye-1. Predicted C. brigg-
sae cyd-1 and cdk-4 coding regions were confirmed by
RT-PCR and the cDNA sequences submitted to GenBank
(Accession Nos. AF520619 and AF520618, respectively).
The analysis of C. elegans and C. briggsae cyd-1
genomic sequence revealed several conserved, noncoding
regions contained within our reporter genes. Three of these
conserved elements were located 5 to the gene and several
short elements were within the first intron (Fig. 5). One of
the conserved elements (1) is located within the minimal
promoter region needed for expression. Expression of the
cyd-1::GFP reporter in embryos and most postembryonic
proliferative somatic tissues could be achieved with only
253 bp of 5 sequence relative to the initiator codon. Ex-
pression was completely lost with the removal of an addi-
tional 67 bp, leaving only 186 bp of 5 sequence, thus
narrowing down at least one necessary element to this small
region. This region was correlated with the conserved, GC-
rich sequence element 1 (27/33 identical bases). An oligo
spanning the conserved sequence was cloned in three copies
upstream of the pes-10 minimal promoter (pKM1210; Fig.
5) and was only able to promote expression in the intestine
in a pattern consistent with background expression.
The analysis of C. elegans and C. briggsae cdk-4
genomic sequence revealed only two regions of conserved,
noncoding sequence included within our reporter genes
(Fig. 6). Note that another gene, encoding a product of
unknown function, is located on the opposite strand 500 bp
upstream of cdk-4 in both species. The full pattern of
cdk-4::GFP reporter expression could be achieved with 309
bp of sequence 5 to the initiator codon. Expression was
partially lost with the deletion of an additional 29 bp and
completely lost with a deletion leaving only 185 bp of 5
sequence. This localizes at least one element necessary for
expression to a region of only 124 bp. The region required
for expression correlated with the conserved sequence ele-
ment 1 (27/33 identical bases). However, an oligo span-
ning this conserved sequence cloned as three copies up-
stream of the pes-10 minimal promoter (pKM1209; Fig. 6)
was unable to activate expression in any proliferative tissue.
TESS analysis of all conserved elements for cyd-1 and
cdk-4 failed to identify likely candidate factors regulating
these genes. For cdk-4, there was one StuA site within
element 2 (Fig. 6C). Although a similar binding site was
identified for cye-1, element 2 is not required for expres-
sion of ckd-4. Other factors that repeatedly were identified
included CAC-binding (Frampton et al., 1990; Mignotte et
al., 1989) and heat shock (Perisic et al., 1989; Topol et al.,
1985; Wu, 1984) factors; the significance, if any, of these
hits is difficult to interpret. We also directly compared the
promoter regions necessary for expression of the three
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genes and did not detect any significant homologies among
the sequences beyond the StuA site(s) upstream of cye-1
and cdk-4. The only shared feature among the many con-
served sequence elements was that they were all GC-rich. It
is possible that our requirements defining conservation are
too stringent to identify important shared sequence motifs.
However, the background noise of this type of analysis goes
up dramatically as the requirements for length and homol-
ogy are relaxed.
cye-1 loss-of-function results in M lineage defects
A deletion allele of cye-1, eh10, was kindly provided by
the Sanger Institute group of the Knockout Consortium.
Animals heterozygous for the deletion were tracked by
PCR, backcrossed to N2 three times, and balanced in trans
with the visible marker dpy-14. The cye-1(eh10) allele is a
2368-bp deletion with breakpoints in exons 2 and 7 corre-
sponding to positions 267 and 2635 relative to the A residue
of the initiator methionine codon (Fig. 1). This deletion
removes most of the coding region of the gene, including
the cyclin box, and is, therefore, predicted to be a null allele.
The reading frame is maintained on either side of the dele-
tion breakpoints so that this allele could encode a 182-
amino-acid protein compared with the 524-amino-acid wild
type CYE-1.
Phenotypic analysis of the eh10 deletion allele revealed
a fully penetrant Pvl-sterile phenotype identical to that of
two previously described point mutant alleles (Fay and Han,
2000; Seydoux et al., 1993). As previously suggested (Fay
and Han, 2000), this is the zygotic null phenotype for loss of
cye-1 activity. We addressed the embryonic reduction-of-
function phenotype for cye-1 using RNAi. Again, our ob-
servations were similar to those previously reported (Fay
and Han, 2000), with embryonic and cell division arrest
occurring prior to the 100-cell stage. The observation that
cye-1 RNAi reduces the level of CYE-1 protein to unde-
tectable levels (Fig. 2E and F) suggests that we are observ-
ing the cye-1 null phenotype in the embryo.
Postembryonic cell division defects previously described
(Fay and Han, 2000) were also observed in the homozygous
cye-1(eh10) deletion strain. In addition, we directly assayed
cell division in the M lineage using a hlh-8::GFP reporter
gene that is expressed in M and all of its descendents (Harfe
et al., 1998). As expected, this analysis revealed a highly
penetrant, but variable defect in the proliferation of M
postembryonically (data not shown). M divisions during L1
development were only occasionally abnormal, with most
divisions resulting in the formation of two sex myoblast
(SM) cells that migrated anteriorly as in wild type animals.
Divisions of the SMs during L3 development were variably
abnormal with a stochastic pattern ranging from no divi-
sions to the wild type number of two rounds of divisions.
Animals that failed to complete the L3 divisions lacked
vulval and uterine muscles involved in egg laying.
Discussion
Cyclin E protein levels do not cycle in the early embryo
Monoclonal antibodies raised against CYE-1 protein re-
vealed that C. elegans cyclin E protein is enriched in oocyte
nuclei and that it is provided as maternal product to the
zygote, which has high levels of CYE-1. The maternal
CYE-1 is distributed uniformly in all embryonic blas-
tomeres and, at least through the 200 cell stage of embry-
ogenesis, no cell cycle fluctuation in the levels of nuclear
CYE-1 is detectable. At nuclear envelope breakdown during
mitosis, it is unclear whether CYE-1 is degraded or just
distributed throughout the cytoplasm. We favor the redis-
tribution model because CYE-1 antibody staining is present
as soon as the nuclear envelope is reestablished at the end
of mitotic telophase. In Drosophila, maternal cyclin E
(DmcycE) is present throughout the early cell cycles and is
sufficient to regulate cell division until mitotic cycle 17
when zygotic expression of DmcycE becomes necessary
(Knoblich et al., 1994). These early cell cycles in Drosoph-
ila lack a G1 phase (Edgar and O’Farrell, 1990) and are
driven by constitutively active cyclin E-dependent kinase
activity (Edgar and Lehner, 1996; Richardson et al., 1993).
The embryonic cell cycles in C. elegans also appear to lack
a G1 phase (Edgar and McGhee, 1988) and are not depen-
dent on the G1 cell cycle factors cyclin D and CDK-4/6
(Boxem and van den Heuvel, 2001; Park and Krause, 1999).
It is likely that C. elegans has adopted a strategy similar to
Drosophila of utilizing constitutively active cyclin E-depen-
dent kinase activity for the rapid proliferation of cells during
embryogenesis.
Maternal cye-1 products are sufficient for most of
development
RNAi and mutant studies demonstrate that cye-1 is nec-
essary for many, and likely all, cell divisions in C. elegans
(this paper; Fay and Han, 2000). It is remarkable then that
homozygous cye-1 null animals are able to complete em-
bryogenesis (558 cells generated) and most of the postem-
bryonic cell divisions using only maternally loaded cye-1
products. A need for nonmaternal cye-1 products does not
become apparent until the L3 stage, at which time the M and
VPC lineage divisions become abnormal.
The ability of C. elegans cye-1 mutants to maintain
development for several days on maternal cye-1 products
implies that maternal cye-1 mRNA and/or protein is ex-
tremely stable. We have demonstrated directly that maternal
CYE-1 protein is present in the germline and early embryo
by antibody staining. However, CYE-1 becomes undetect-
able in late-stage embryos that have completed cell divi-
sions. We are also unable to detect CYE-1 protein in
postembryonic blast cells until they begin to proliferate.
Taken together, these observations suggest that CYE-1 pro-
tein does not persist into postembryonic development. This
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implies that cye-1 mRNA is likely the stable maternal prod-
uct driving cell division in cye-1 mutant animals with the
message translated continuously or periodically as needed.
Assuming that stable cye-1 mRNA is responsible for
promoting postembryonic cell divisions in cye-1 mutant
animals, transcriptional regulation of cye-1 must not be an
obligate step in the control of G1/S progression in C. el-
egans. This contrasts with cyclin E gene regulation in other
systems in which transcriptional control is thought to be an
important part of the normal cell cycle. For example, the
first cells in a Drosophila embryo that exhibit G1, S, G2, and
M phases of the cell cycle control the G1 to S phase
transition by the transcriptional regulation of DmcycE
(Knoblich et al., 1994). In tissue culture cells, cyclin E gene
transcription is cell cycle-dependent and positively regu-
lated by mitogens with the peak of expression during late G1
(Geng et al., 1996; Le Cam et al., 1999; Polanowska et al.,
2001). We do observe the activation of cye-1::GFP reporter
genes at the onset of proliferation in postembryonic tissues
of C. elegans. However, this transcriptional activation can-
not be an obligate step in G1 to S phase progression since
homozygous mutants initiate postembryonic cell divisions
normally. Transcriptional activation of cye-1 at these stages
may only reflect the need to supplement depleting levels of
maternal cye-1 products.
Relatively small promoter elements regulate genes
encoding G1 cyclins and CDK-4/6
Vertebrate studies of cyclin E transcriptional regulation
have been largely limited to tissue culture cells. These
studies have been useful in identifying a subset of cis-acting
elements necessary for cyclin E gene regulation but fail to
give an overall view of elements directing expression
throughout the organism. The most complete picture of
cyclin E expression and G1/S regulation in a whole organ-
ism comes from work in Drosophila (for reviews, see Cay-
irlioglu and Duronio, 2001; Edgar and Lehner, 1996). In
Drosophila, the DmcycE minimal promoter spans more than
15 kb with a piecemeal arrangement of elements controlling
Fig. 5. Comparison of C. elegans and C. briggsae cyd-1. (A) Comparison of the overall gene structure for C. elegans and C. briggsae cyd-1, encoding Cyclin
D. Noncoding regions of sequence homology are indicated by colored ovals. There is extensive sequence homology throughout intron III of both genes that
is represented by a consecutive string of same-colored ovals. (B) The cyd-1::GFP reporter genes and expression results. The cyd-1::pes-10::GFP reporter
gene listed as pKM11XX is a composite of results from reporter genes pKM1157, pKM1158, pKM1159, pKM1160, and pKM1161 (see Materials and
methods). Regions of sequence homology represented by colored ovals have been superimposed on the 5 sequences included in each reporter gene. (C) A
comparison of the four conserved sequence elements present within the region of cyd-1 assayed for promoter activity.
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tissue-specific subsets of the overall expression pattern
(Jones et al., 2000). Our results suggest a simpler minimal
promoter structure for cye-1 in C. elegans in which common
and tissue-specific factors act on a small or compact set of
cis-acting elements. Our promoter analysis has narrowed
the location of at least some necessary elements to a 212-bp
region of 5 noncoding sequence.
Our analysis shows that similarly “simple” promoters
control two other G1 cell cycle genes, those encoding cyclin
D and CDK-4/6. Elements necessary for nearly the entire
pattern of expression for these genes are associated within a
67-bp region for cyd-1 and 124-bp region for cdk-4, and
these regions contain conserved sequence elements. In nei-
ther case is the conserved sequence element alone capable
of activating a minimal promoter. It is possible that the
pes-10 minimal promoter utilized in our studies is not ide-
ally suited for testing cell cycle regulatory elements. How-
ever, the pes-10 promoter was able to respond to a cye-1
promoter region demonstrating some capacity to respond to
cell cycle promoter elements. As we have been unable to
identify candidate trans-acting factors for these elements,
further efforts using functional assays coupled with bio-
chemistry will be necessary to determine their importance.
The cye-1 promoter has conserved E2F binding sites
Our analysis of cye-1 promoter elements necessary for
expression identified a conserved sequence element (ele-
ment 2) containing two consensus E2F binding sites (Tao
et al., 1997). E2F is a heterodimeric transcription factor
Fig. 6. Comparison of C. elegans and C. briggsae cdk-4. (A) Comparison of the overall gene structure for C. elegans and C. briggsae cdk-4 encoding
CDK-4/6. Noncoding regions of sequence homology are indicated by colored ovals. A gene (F18H3.1) encoding a product of unknown function is located
on the opposite strand in both species approximately 500 bp upstream of cdk-4 and is indicated by light gray shading. (B) The cdk-4::GFP reporter and
expression results. The cdk-4::pes-10::GFP reporter gene listed as pKM115X is a composite of results from reporter genes pKM1151, pKM1152, pKM1153,
and pKM1154 (see Materials and methods). Regions of sequence homology represented by colored ovals have been superimposed on the 5 sequences
included in each reporter gene. (C) A comparison of the two conserved sequence elements present within the region of cdk-4 assayed for promoter activity.
A single StuA binding site in element 2 is indicated by double lines.
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(comprised of E2F and DP) that has been shown in numer-
ous experimental systems to regulate the expression of cy-
clin E and many genes required for DNA synthesis (Duro-
nio et al., 1998; Dyson, 1998; Geng et al., 1996; Lavia and
Jansen-Durr, 1999; Polanowska et al., 2001; Royzman et
al., 1997). The disassociation of E2F from Rb is thought to
be a major regulatory step in promoting the G1/S transition
(for review, see Dyson, 1998). There are two E2F-like genes
(efl-1 and efl-2) and one DP-like gene (dpl-1) in C. elegans.
Mutations in efl-1 and dpl-1 were originally identified be-
cause they affect Ras signaling in embryogenesis and vulval
development (Ceol and Horvitz, 2001; Page et al., 2001;
Thomas and Horvitz, 1999). More recently, it has been
shown that both efl-1 and dpl-1 have roles in regulating G1
cell cycle progression when assayed in a cyclin D mutant
background (Boxem and van den Heuvel, 2002). Given the
conservation of factors regulating G1/S progression, it
seems likely that E2F regulation of cyclin E gene expression
will also be conserved in C. elegans. Further studies will be
required to directly test this notion.
The GC-rich element 2 also contains a conserved,
consensus Sp1 binding site (Briggs et al., 1986) and two
StuA binding sites. Sp1 has been implicated in both the
activation and repression of several cell cycle genes in
tissue culture studies (Muller et al., 1999; Ross et al., 2002;
Watanabe et al., 1998) and is thought to have an important
role in the G1 phase of the cell cycle (Grinstein et al., 2002).
Sp1 is a good candidate for another factor involved in cye-1
regulation and warrants further study. StuA is a transcrip-
tion factor identified in Aspergillus with multiple roles dur-
ing development, including the regulation of G1/S target
genes (Dutton et al., 1997). StuA is related to SWI4 and
MBP1 of Saccharomyces cerevisiae, components of a G1/S
transcriptional regulator (Koch et al., 1993) providing in-
triguing links to cell cycle control. A gene (C31H1.1) en-
coding a protein with limited similarity to MBP1 has been
identified in C. elegans, although its function is unknown,
and further study will be required to determine whether it
has a role in G1/S cell cycle progression in the nematode.
Conservation of sequence between C. elegans and C.
briggsae extends well beyond the consensus E2F, SP1, and
StuA binding sites. Presumably, the additional sequence
conservation reflects elements that contribute to cye-1 reg-
ulation. Similar to our analysis of the conserved elements of
cyd-1 and cdk-4 promoters, we were unable to identify
potential trans-acting factors that bind to these sequences.
Our original motivation for analyzing three G1 cell cycle
factor promoters was the expectation that they would share
cis-acting elements regulating their similar patterns of ex-
pression. Surprisingly, we have failed to identify any se-
quence motifs conserved between the defined promoter con-
trol regions for cye-1, cyd-1, and cdk-4. Two caveats of our
analysis are that (1) with one exception, our reporter anal-
ysis revealed regions that were necessary but not sufficient
for expression, and (2) the stringent threshold we used for
defining sequence conservation may have eliminated short
sequence elements common to all three genes. We have
used less stringent sequence comparisons between the three
genes and promoter regions but were still unable to identify
common elements that might underlie common patterns of
expression.
Our results provide a preliminary analysis of G1 cell
cycle gene regulation. We have defined relatively short
sequences that are important for expression and identified
potential candidate factors involved in cyclin E gene regu-
lation. Future studies will be directed at testing these can-
didate factors and pursuing biochemical approaches to iden-
tify additional proteins that bind the conserved sequence
elements present upstream of these cell cycle genes.
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